The p53 tumor-suppressor protein, a key regulator of cellular responses to genotoxic stress, is stabilized and activated after DNA damage. This process is associated with posttranslational modifications of p53, some of which are mediated by the ATM protein kinase. However, these modifications alone may not account in full for p53 stabilization. p53's stability and activity are negatively regulated by the oncoprotein MDM2, whose gene is activated by p53. Conceivably, p53 function may be modulated by modifications of MDM2 as well. We show here that after treatment of cells with ionizing radiation or a radiomimetic chemical, but not UV radiation, MDM2 is phosphorylated rapidly in an ATM-dependent manner. This phosphorylation is independent of p53 and the DNA-dependent protein kinase. Furthermore, MDM2 is directly phosphorylated by ATM in vitro. These findings suggest that in response to DNA strand breaks, ATM may promote p53 activity and stability by mediating simultaneous phosphorylation of both partners of the p53-MDM2 autoregulatory feedback loop.
D
amage to cellular DNA activates repair mechanisms as well as signal transduction pathways that lead to cell cycle arrest or programmed cell death. Several of these responses are mediated by stabilization and activation of the p53 protein, a transcription factor encoded by a tumor-suppressor gene that controls a central junction of these pathways (1) (2) (3) . The stabilization of p53 appears to be associated with posttranslational modifications of this protein invoked by DNA damage . These modifications include phosphorylation, dephosphorylation, and acetylation on various residues (3) (4) (5) (6) (7) (8) . The role of these modifications in p53 stabilization has become a major focus of interest.
Two protein kinases have been implicated directly in p53 modifications induced by ionizing radiation (IR) and radiomimetic chemicals: ATM, required for the initial phase of p53 accumulation in response to this damage (9) (10) (11) (12) (13) (14) , and ATR, involved in the later phase of this process (13, 15) . In response to IR and radiomimetic treatment of cells, ATM is activated and mediates rapid phosphorylation of p53 on Ser15 (11) (12) (13) (14) , whereas ATR seems to be involved in the subsequent maintenance of this phosphorylation (15) . Importantly, both of these kinases phosphorylate p53 in vitro on Ser15 (12) (13) (14) (15) . A third enzyme implicated in cellular responses to DNA damage, the DNA-dependent protein kinase (DNA-PK), is capable of phosphorylating p53 in vitro on Ser15 and Ser37 (16) , but is probably not necessary for damage-induced p53 activation and accumulation (17) (18) (19) .
ATM, ATR, and DNA-PK belong to a family of protein kinases with carboxyl-terminal domains displaying similarity to phosphoinositide 3 kinases. Members of this family are involved in controlling genome stability, cell cycle progression, and responses to DNA damage in various organisms (20) (21) (22) (23) . Lack of ATM in humans causes the genetic disorder ataxiatelangiectasia (A-T), characterized by neurodegeneration, immunodeficiency, genome instability, cancer predisposition, sensitivity to IR, and defective activation of cell cycle checkpoints by DNA damage (21, 24) . DNA-PK deficiency in mice leads to severe combined immunodeficiency (scid), which shares many features with A-T (23, 25) .
Despite the apparent association between Ser15 phosphorylation and p53 stabilization after DNA damage, we provide evidence that Ser15 phosphorylation might be dispensable for ATM-dependent p53 stabilization induced by DNA damage, suggesting that other ATM-mediated protein modifications may be more important to this process. A potential target of ATM activity could be the oncoprotein MDM2, a major negative regulator of p53 (26) (27) (28) . MDM2 binds to the amino terminus of p53, represses p53's transactivation activity, and targets it to proteasome-mediated degradation (26) (27) (28) (29) (30) (31) . The destabilization of p53 requires both the amino-and carboxyl-terminal regions of MDM2 (30) (31) (32) (33) , as well as its nuclear export capability (34, 35) . Recent observations suggest that MDM2 functions as an E3 ubiquitin-protein ligase in p53 degradation (36) . The MDM2 gene is positively regulated by p53, thereby creating a negative feedback loop (26) (27) (28) .
In this report we show that after exposure of cells to IR or a radiomimetic chemical, and before p53 accumulation, MDM2 is phosphorylated rapidly in an ATM-dependent, DNA-PKindependent manner. Moreover, ATM phosphorylates recombinant MDM2 in vitro on at least two sites, suggesting that MDM2 might be a direct in vivo target of ATM after DNA damage. These findings suggest a novel mechanism for ATMdependent p53 stabilization.
Materials and Methods
Protein Detection and Immunoprecipitation. Cells were collected by centrifugation or scraping, and cellular pellets were washed with cold PBS and lysed for 1 hr at 4°C in 150 mM NaCl͞10 mM Hepes, pH 7.2͞0.5% Nonidet P-40͞2 mM EDTA͞2 mM EGTA and protease inhibitors. After centrifugation at 14,000 ϫ g for 15 min at 4°C, the supernatant was collected for further experiments. For immunoblotting analysis, total cellular extracts were electrophoresed in 8% polyacrylamide gels and transferred overnight at 4°C and 230 mA onto nitrocellulose membranes (Nitrocell MFF; Pharmacia). For immunoprecipitation, cell lysates were precleared by constant mixing for 1.5 hr with protein A͞G-Sepharose beads (Pharmacia). The beads were removed by centrifugation, and the supernatant was mixed constantly overnight with the appropriate antibody. Immune complexes were adsorbed onto protein A͞G-Sepharose beads, boiled, and electrophoresed on 8% polyacrylamide gels. In some experiments, cell pellets were resuspended directly in protein sample buffer and subjected to gel electrophoresis. Conditions for immunodetection were adapted for each protein source and method of preparation.
Phosphatase Treatment of Immune Complexes.
Immunoprecipitates were washed three times with 150 mM NaCl͞50 mM Tris, pH 8.9͞5 mM MgCl 2 ͞1 mM DTT; 10 units of shrimp alkaline phosphatase (SAP; Amersham) were added, and the reaction was continued for 30 min at 37°C.
Recombinant Proteins. The complete ORF of HDM2, HDM2 fragments spanning amino acids 82-312 and 330-491, and an MDM2 fragment containing amino acids 328-437, were obtained by PCR using the corresponding cDNA clones as templates and subcloned in the vectors pGEX6P or pGEX3X as glutathione S-transferase-fused proteins. These constructs were expressed in Escherichia coli XL1 and isolated by glutathioneagarose chromatography. An S-tagged fragment of HDM2 spanning amino acids 1-115 in the vector pET-29a was generously donated by A. Levine and D. Freedman (Princeton University, Princeton, NJ). A cytomegalovirus-driven expression construct encoding human p53(S15A) with Ser15 replaced by Ala (8) was kindly provided by T. Unger (The Weizmann Institute of Science, Rehovot, Israel).
Results
To examine the role of Ser15 phosphorylation in damageinduced stabilization of p53, we expressed mutant p53 with Ser15 substituted by Ala on p53-null and p53͞Atm-null backgrounds. This substitution did not prevent effective IR-induced p53 stabilization, which remained ATM-dependent ( Fig. 1) . Hence, Ser15 phosphorylation alone cannot account for ATM-mediated p53 stabilization in this experimental system. This raised the possibility that modifications responsible for p53 stabilization may not be confined to the p53 molecule. We therefore sought to determine whether MDM2 also could be a target for DNA damage-induced modifications within cells.
The electrophoretic mobility pattern of murine MDM2 and its human homolog, HDM2, was followed in cultured cells shortly after treatment with IR, UV radiation, or the radiomimetic chemical neocarzinostatin (NCS). Like IR, NCS induces DNA double-strand breaks by free radical attack and elicits the same hypersensitivity of A-T cells (38) . HDM2 and MDM2 are found in several isoforms generated through alternative splicing and posttranslational modifications (ref. 39 and see below). A reproducible shift in the mobility of HDM2 toward a fastermigrating form was observed within minutes after treatment with NCS ( Fig. 2A) or IR (not shown) well before the rise in p53 level (Fig. 2B) . A similar phenomenon was observed in human p53-null Saos-2 cells (Fig. 2C) , implying that this rapid, damageinduced alteration of HDM2 is not p53-dependent (see also Fig.  4B ). It is of note that in most cases phosphorylation results in slower electrophoretic migration of the phosphorylated protein, although examples of faster migration after phosphorylation have been noted (40, 41) .
The structural modification of HDM2 also was manifested as a marked reduction in its immunoreactivity with the mAb 2A10, whereas reactivity with another mAb, 3F3, was retained (Fig.  2D) . The 2A10 and 3F3 mAbs are directed against epitopes within the carboxyl-terminal half and the extreme aminoterminal portion of HDM2, respectively (42) . This effect was not observed after treatment with UV radiation (Fig. 2E) . Significantly, both types of alterations in HDM2 or MDM2 were reversed by treatment with phosphatase, but not in the presence of phosphatase inhibitors (Fig. 3) , indicating that they arose through phosphorylation. Thus, rapid phosphorylation of HDM2͞MDM2 followed treatment of cells with DNA breaking agents.
This modification of HDM2 was found to be ATM-dependent: it was observed in all six control human cell lines, but in none of six independent A-T cells lines (e.g., Fig. 4A ) nor in murine cells lacking Atm (Fig. 4B) . In contrast, cells derived from the ''slip'' mice that completely lack DNA-PK activity (25) maintained the ability to strongly reduce 2A10 immunoreactivity in response to IR (Fig. 4C) , demonstrating that this phosphorylation was not dependent on DNA-PK.
Because these findings could be explained by HDM2 or MDM2 being direct targets of ATM's kinase activity, we tested whether these proteins can serve as ATM substrates in vitro. ATM immunoprecipitated from human lymphoblastoid cells (12) indeed did phosphorylate recombinant, full-length HDM2, as well as various fragments of HDM2 or MDM2 obtained as recombinant fusion proteins (Fig. 5 A and B) . Importantly, this phosphorylation was accompanied by a reduction in HDM2 immunoreactivity with the 2A10 mAb (Fig. 5C ). Although the degree of this reduction indicates that the efficiency of the phosphorylation in vitro is not 100%, it points to a similarity between the phosphorylation site(s) responsible for this phenomenon in vitro and in vivo. Phosphorylation was detected in the amino-terminal end of HDM2 and in a carboxyl-terminal region that, in MDM2, spans residues 328-437; an HDM2 fragment corresponding to positions 82-312 showed barely detectable phosphorylation (Fig. 5) . These results indicate that ATM can phosphorylate HDM2 in vitro on at least two sites.
Discussion
It is widely believed that posttranslational modifications play a key role in p53 stabilization and activation in response to DNA damage (3). Previous attempts to elucidate these mechanisms were focused on modifications of the p53 molecule and on their possible effect on the ability of p53 to bind to MDM2. Indeed, Shieh et al. (43) demonstrated that phosphorylation of p53 in vitro by DNA-PK on serines 15 and 37 reduces its affinity for MDM2. However, the dissociation obtained in the present study between Ser15 phosphorylation and damage-induced p53 stabilization ( Fig. 1) suggests that protein modifications other than Ser15 phosphorylation may be involved in this process. DNA damage, indeed, does induce additional modifications through- Fig. 1 . Radiation-induced accumulation of p53(S15A). A plasmid encoding a mutant p53 protein, in which Ser15 was replaced by Ala (8), was transfected into ap29 murine p53-null cells (37) or into ap24 double-mutant cells lacking both p53 and Atm (37) . After 48 hr, some of the cultures were treated with 7.5 Gy of gamma radiation and harvested 75 min later. Total cellular extracts were subjected to SDS͞PAGE and immunoblot analysis by using a mixture of the anti-p53 antibodies PAb1801 and DO-1. The faster-migrating band observed in lane 3 is a truncated form of p53 often observed when p53 is produced at elevated levels.
out the p53 molecule (4-8). These modifications, particularly phosphorylation of Ser20 (7, 8) , may contribute to abrogation of the p53-MDM2 association in some, though perhaps not all, situations (44) . p53 modifications may also contribute to its transactivation capacity through enhanced DNA binding and expedited recruitment of specific p53 coactivators (5, 6, (45) (46) (47) . The emerging picture is that of a complex activationstabilization process associated with multiple protein modifications, each with an incremental contribution to the final outcome of this process.
Our findings presented herein disclose a new target of ATMdependent protein modifications induced by DNA damage: the MDM2 protein. ATM-mediated phosphorylation of HDM2 precedes the initiation of damage-induced p53 accumulation (Fig. 2B) , which is similar to the phosphorylation of Ser15 on p53 (11) . The rapid phosphorylation of these two ATM targets correlates with the immediate enhancement of ATM's kinase activity after IR or radiomimetic treatment (12, 13) . Thus, activated ATM may exert its effect on p53's activity and stability by mediating simultaneous phosphorylation of both partners of the p53-MDM2 autoregulatory feedback loop. It is noteworthy that this rapid phosphorylation differs significantly from MDM2's response to high-dose UV irradiation, which mainly compromises the rate of MDM2 gene expression (48). Immune complexes obtained by using the anti-HDM2 mAb IF2 were subjected to SDS͞PAGE followed by immunoblotting with a mixture of mAbs 2A10, 1D6, 3G5, SMP14, and IF5. Note the rapid change toward accelerated electrophoretic mobility of HDM2 already apparent 5 min after treatment and the slower increase in its overall level that accompanies p53 accumulation (see Fig.  1B ). (B) p53 levels in total cellular extracts of NCS-treated C3ABR lymphoblasts, detected by using the anti-p53 antibody DO-1. (C) HDM2 in total cellular extracts of p53-null Saos-2 cells. The blot was reacted with the same mixture of antibodies as in A. Note the shift of the major band toward a fastermigrating position. (D) Altered immunoreactivity of HDM2 after exposure to IR. Saos-2 cells were harvested at the indicated time points after treatment with 5 Gy of gamma radiation. Before their irradiation the cells were pretreated with 30 M of the proteasome inhibitor MG132 for 2 hr to allow HDM2 accumulation. Total cellular extracts were immunoblotted with the two indicated anti-HDM2 mAbs. Note the differential decrease in immunoreactivity with 2A10 and the shift of the major (faster) band toward accelerated mobility observed by using 3F3. (E) Immunoreactivity of HDM2 with the 2A10 antibody decreases after exposure to ionizing but not UV radiation. Saos-2 cells were treated with either 10 Gy of gamma radiation or 30 J͞m 2 of UV radiation, and HDM2 was visualized as in Fig. 1D . In B-E, equal amounts of protein were loaded in all lanes in each. This is demonstrated in E by using a ␤-catenin antibody. In A, immunoprecipitates in each lane represent equal numbers of cells. Cellular extracts were immunoprecipitated with the IF2 antibody, and the immune complexes were treated with shrimp alkaline phosphatase as described in Materials and Methods and subjected to SDS͞PAGE and immunoblotting with the same antibody mixture as in Fig. 2 A. Note the reversion of HDM2's mobility shift by AP treatment. (B) Immunoblot analysis of murine MDM2 using the 2A10 antibody. p53-null mouse fibroblasts (ap29) infected with a recombinant retrovirus encoding mouse MDM2 were treated with 7.5 Gy of ionizing radiation and harvested at various time points after irradiation. Cellular extracts were incubated for 30 min at 30°C, without (lanes 1-3) or with (lanes 4 -6) calf intestine alkaline phosphatase (CIAP), or with CIAP and phosphatase inhibitors (50 mM NaF, 10 mM NaVO 4; lanes 7-9). The band migrating slightly ahead of MDM2 is a nonspecific-background band also observed in MDM2-null cells.
DNA-PK also phosphorylates MDM2 in vitro (49) ; however, our data (Fig. 4C) imply that in cells it is dispensable for the type of MDM2 phosphorylation described in this study. This result correlates with recent evidence that damage-induced phosphorylation of Ser18, the equivalent of human Ser15 in murine p53, is also unaffected by lack of DNA-PK (18, 19) , underscoring the distinction between in vitro and in vivo targets of protein kinases.
ATM phosphorylates in vitro residues within the aminoterminal end of HDM2 and a carboxyl-terminal region of HDM2͞MDM2 (Fig. 5) . Although fine mapping of these phosphorylation sites is in progress, it still is not clear whether the same sites are phosphorylated in vivo. Phosphorylation of the amino-terminal region may affect p53-MDM2 binding after radiation damage, because a nearby portion of MDM2 is directly involved in p53 binding (31, 32) . On the other hand, modification of the MDM2 carboxyl-terminal domain, which is essential for targeting p53 for degradation (31, 33) , may compromise the ability of MDM2 to destabilize p53, possibly interfering with its activity in p53 ubiquitination (36) . Interestingly, Kubbutat et al. (33) showed recently that MDM2 portions that are critical for its degradative function overlap at positions 339-435, a region shown here to contain a major in vitro phosphorylation site of ATM (Fig. 5) . Experiments are underway to determine the effects of ATM-mediated phosphorylation of MDM2 on its ability to bind p53 and mediate its degradation.
Our data provide a possible answer to recently raised speculations about the mechanism of damage-induced up-regulation of p53 (50), highlighting the major role of ATM in this process. Although ATM may contribute to p53 stabilization through modification of p53, we would like to propose that ATMmediated phosphorylation of MDM2 also may play a significant role in this stabilization. These findings further elucidate the intricate web of signaling pathways that guard our genome. 
